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ABSTRACT

Fluid-f low measuring devices intended for f u l l  scale use

were designed and tested . One device consisted of a rake supporting

d i f fe ren t  types of pitot tubes. This will  be used to obtain a
velocity prof i le  of the boundary layer of a test ship. The other
device was a f ive hole pitot tube that will be used in a wake
survey . The pressure transport medium ( i .e .  the medium that
carried the pressure signal from the pitot tube to the pressure
transducer) was air instead of water . This proved to be success-
ful as the results indicate.
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I . INTRODUCTION

The design of propellers f or h igh  speed ships  is done based

on i n f o r m a t i o n  obtained from mode l tests .  The model speed is

scaled according to Froude ’ s law , but the boundary layer , which

inf luences  the flow into the propeller , follows a Reynold ’ s
scaling.

A number of recent papers have invest iga ted the problems of
f u l l  scale wake predict ion when these scal ing e f f e c t s  are con-
sidered . Yokoo (1974) did a survey of the available litera ture

and concluded that  there are s t i l l  unknown f ac to r s  in the predic-
t ion of the wake pattern based on model tests.  Since the P

character of the boundary layer in f ron t  of the propel le r

i n f l u ences the f low into the propeller , it is important to under-

stand what scaling effects take place . Taniguchi  and E u j ita

( 1970) sh ow that  not only does the magnitude of the ve loc i t i e s
in the boundary layer change from model to f u l l  scale but so does
the di rection of the velocity components. This has an apprec iab le
e f f e c t  on the propeller race as shown by Namimatsu , ~ t ( 1 9 7 3 )
They compare the estimated f low pa t terns  of a 200 , 000 D . W . T .
ta nker based on model tests wi th  the resul ts  from a f u l l  scale
t e s t .  In a recent work done by Canham ( 1 9 7 4) ,  comparisons

between model tests and f u l l  scale tests of a Leander C la ss

f r i gat e (~~.~.’S P~~i~~l c : e ’)  were made. The a u t h o r  concludes  t h e r e  is

“ no s i q n i f i c a nt wake scale e f f e c t  in t h i s  type of f r i q a t e . ” lIet\ —

ever , t h i s  conclusion may be drawn f r o m  the da ta  if  o n l y  the

mean wake f r a c t i on  is considered . There were s i q n if i c a n t
d i f f e r e nces in local veloci t ies  in the propeller  race w h ich  Wt ’ I

unexpla ined . When Yokoo ( 1 9 7 4 )  reviewed C a n h a m ’s pa pe r ,  he

speculated t h a t  the supposed lack of scale e f f e c t  was a r e s u l t  ol

the increase in  sh ip  wake due to s u r f a c e  r ou qhncss . T h i s  w o u ld

increase the boundary layer  of the s h i p  ma kinq it more s im i l ar

to t h a t  of the mode l and thus  decrease the  di tferetict ’s he t  \~~ en

model and ship ve loc i t i e s  in the p rope l l e r  l ace .

These papers agree in tha t  they po i nt  out  a ma i o u  d i  I i c u l t y
in  (‘Ilt ront propeller desion procedures , i.e • , ~i c o u nt  i t i ~~ I ~‘i  t h e
sea I c  of fccts  on the wake when ‘T O  i nn  f rom mode l t o t n  1 1 sea I e .

~ 

_ _ _  
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The objective of the work described in this paper was to

design and develop a flow meter capable of determining the wake
and boundary layer character in the vicinity of the propeller

of full scale test vessels. The instrument package was chosen in

such a manner that the system would produce stable and reliable

data over the required test range . The emphasis of the design

was on r~~I i a h i l i t q ,  and how ea~~i 1y a component could be replaced .

After a search of the literature , it was decided to use

pitot tubes to find the velocity profile. The reliability of

the pitot tube relative to other flow measurement devices such

as blade wheel speed meters , ultra—sonic meters , hot film meters ,

and laser doppler meters has been demonstrated by Yokoo (1974).

However , there are a number of problems associated with pitot

tubes and in this report an alternate method of using them is

described . In most previous cases when pitot tubes were used for

full scale testing , water was used as a transport medium. That

is , the tubes carrying the pressure signals from the head of the

pitot tubes to the pressure transducers were filled with water.

Should air become entrapped in the lines , the calibration of the

instrument would be invalidated . A method by which the water is

replaced wi th a ir is described in the following sections.

The boundary layer measurement devices included two types

of p itot tubes mounted on a rake. One of these was a total head

tube and the other was a Prandtl-type pitot-static tube . For the

measurements in the reqion of the propeller wake , a five-hole

pitot tube is proposed . These are described in detail in the

f o l l o w i n g  sec t ions .
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I I .  THE SELECTION OF AIR OR WATER AS A TRANSPORT MEDIUM

One of the anticipated problems with the system was the

method by which pressures on the actual measuring devices i.e.

the total head tube, the Prandtl-type pitot tube and the spherical

head pitot tube , would be recorded for analysis. When these

types of instruments are used in a laboratory environment , it has

been common practice to use the fluid whose velocities and

pressures are being measured as the medium that transmits the

pressure from the head of the tube to a pressure transducer.

For example , in a wind tunnel a pitot tube may be connected to a

mercury manometer by a flexible hose that has air in it and i n a

towing tank the same pitot tube may be connected to a manometer

or electronic pressure transducer by a hose filled with water.

When these same instruments are scaled up for use on a full-scale

application , some minor laboratory problems become magnified .

Since the primary purpose of the instrument package being

developed was to measure the wake velocities behind an actual

ship, a natural choice would have been to use salt water as the

transport medium . However , most of the transducer manufacturers’

catalogs carefully spell out the undesirability or impossibility

of using many types of instrumentation in corrosive fluids , such

as salt water. One possible approach to the solution of this

problem would be to use distilled water in the lines. However ,

the use of any heavy fluid , i.e., water , oil , etc., has a maior

drawback in that air bubbles tend to collect in the lines. These

air bubbles substantially reduce the accuracy of the system . In

a laboratory it is possible to remove the bubbles from the lines

when the lines are relatively short. However , when the equip-

ment is used at sea, the pressure lines will be at least

fifty feet in length. Namimatsu and Maraoka (1974) experienced

this problem . They substituted deaerated water for potab le  water
and found that they got better results. One difficulty with

deacrated water though is that it is not possible to completely

remove all the a i r .  If the transducer is located more than fif-

teen feet above the surface of the water , the partial vacuum in

the line w ill tend to draw any air missed in the deaeration

process out of the w a t e r .

—3— 
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A method described by Takahashi , et al ( 1970)  shows that
f i l l i ng  the l ines  w i t h  ai r by a method cal led the a i r -b low system
e l i m i n a tes these problems . B r i e f l y ,  the ai r-blow system uses
a i r  as the pressure t r anspor t  medium . Before a r ead ing  is t aken ,

a valve is opened which  blows a l l  of the wa te r  out of the sys tem.

The va lve  is then closed and a measurement  is taken . P o t e n t i a l

problems that might exist with the air—blow system would include

a slow system response or even undesirable dynamic effects , the

magnitude of the effect of the one air-water interface , and the

size and length of the tubing used . Since this method showed

promise from the stand point of simplicity and reliability, it

was investigated for possible implementation into the instrument

packa ge.
To tes t  the system response , the pressure t r ansducer  was

connected  to one of the pi tot  tubes and the electronic s ignal
was d i s p l a y e d  on an oscilloscope . The pi tot  tube was placed in
the water  and run down the tank at d i f fe r e n t  speeds. In addition ,

the  l e nqt h  of the tube was varied from 10 feet  ( 3 . 0 5  m) to 146
fee t  ( 4 4 . 5  m ) .  The type of tube used was 1/8 inch ( 3 . 1 7  mm)

i n s i d e  d iameter  Tygon plast ic  tubing . A typica l  record from the
oscilloscope is  show n in Fiqure  1. The record represents  the
pressure measurement  f rom when the blow pressure was stepped to

when the  pressure  reached a steady v a l u e  in d i c a t in i  t h e  pressure

at the p i to t  tube .

____________ 

p U r i e  p re s s~u t ’

m ea s ur e d  p t e s s t i t  e

F i qurt’ I . System Response with the A i r—B I ow Th’t hod
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The response time , t , seemed to be independent of the ve loc i ty

of the f l u i d  at the pi tot  tube . For the shor ter  tube Leng th  of
10 feet (3.05 m), t was under 1/10 of a second . For the longer
lengths of about 150 feet (45.7 m), t was estimated to be about

3 seconds. For the proposed length of 50 feet (15.24 In) t reached

a value of around 6/10 of a second . There are two observations

to be made from the figure. First , the time needed to have the

system reach steady state is small relative to the time available

in the full scale trials. Second , the lack of oscillat :ions in
the record indicates the system has sufficient damping to minimize r
any dynamic effects due to resonant vibrations.

The effect of the air—water interface was difficult to

measure . There will be a pressure drop across the surface due to

surface tension . This drop will be proportional to surface

curvature and will increase as the size of the holes decreases.
Since the test results for the total pressure tube , as described m a
later section , compare so well with the carriage speed , the effects

of the air-water inter-face , as applied to the i n s t r u m ent packaqe ,

will be considered small.

Finally there were no noticable differences encountered when
1/16 inch (1.59 mm ) ID tubing replaced the 1/8 inch (3.18 mm) ID

tubing . We recommend that the lam er diameter tubinq be used

for the part of the lines carrying the flushing air , while the

smaller lines may be used for the tubes leading to the pressure

transducer. For a more complete description of the test apparatus ,

see the next section .
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III. ~1EASVRlNG TECHNIQUES

At t h e  i n i t i a l  staqes of t h i s  p ro jec t , the dec i s ion  on the

t r a n s p o r t  m e d i u m , e i t h e r  a i r  or w a t e r , had not been made y e t .  As

a resu l t , the m e a s u r i n g  and reco r d i ng  systems were designed to
hand le  both a i r  and w a t e r .  W h i l e  i t  qu i c k l y  became apparent  t ha t
the  deaerat ed  wate r  process was more complex than  a i r- b l o w

process , i t  could not be eliminated until the air-blow process

was proven s u c c e s s f u l .  As a r e s u l t , some components  were inc luded

in the first desiqn of the  m e a s u r i n g  and recording  systems which
were not necessary . I’or a schenhi t ic’ represent at ion of the  device ,
See F’ i u ye 2

The water reservoir D and the qiass tubes K were intended

for use in the deacrated—water—flush system . Once the air-blow

system was proven effective , these parts were not used . The

manifold N was necessary , because without it , the lines Leading

to the  p i t o t  tubes would have seen different blow pressures.

This could have resulted in some lines not being purqed at all.

The manometer was used to provide a calibration check on

the pressure transducer. In t h i s  procedure , the v a l v e at B was
— par t  ia l  ly opened , a 1 lowinq a pi essure ci approximately 3 psi

(2.0’ N ‘cm 2 ) to  enter the lines. The off—on Scanivalves* it  L

and M were closed . The cock at ~ was closed and the  one to

t he  manometer  at U was opened . The Scan iva lves  at- I and 3

were set on the  same t ube  number a l l o w i n q  the  pressure measured

by t h e  m a n om e t e r  to a l s o  he measured  by the p r e s s u re  t r an s d u c e r

The p re s su re  act  inq  on the m a n o m e t e r  and pressure t rans~ ucer

could be varied by the r e qu la t o r  valve C . In t h i s  w a y ,  a

ca l  i b r a t  ion curve was produced for  the pressure transducer. The

t r a n s d u cer  was of the d i f f e r e n t i a l  type w i t h  two p o r t s .  One pert

was left- open t~ the a t m o s p h e r e  q i v i n q  t h e  t r a n s d u c e r  a r ange  of

~4 PS j (~ 2 . 76 N -- cm 2 ) qauqe pres su re .  To zero  the  transducer , the

valve at C was closed and the  cock at (~ was opened . This

vented the lines connect ing the manometer and pressure transducer

to  the  at mosphere q i v i n q  the  t r ansduce r  a zero differential.

~~~~~ iva lve is the t rade name of i device t ha t  acts as a pressure
multi-plexer.

—6—
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F l u i d  l i n e s

____ —

~~~~~~~~~~~ 

Electrical lines

Figure 2. General Arrangement of Measuring Apparatus

A air compressor and 2.5 gal (9.46 lit) tank rated at 100 p~ i

(68.9 N/cm2) and pumping rate of 2 gal/mm (7.57 lit ‘mi~ i) ; B

and C regulator valves with pressure gauges; D deaeratod

watex reservoir, E three—way valve; F manometer using 2. ’~4

specific gravity fluid ; G and H cocks; I and J Scanivalvt- ,

model W0601/l:—l2T 12 input lines , 1 output line; K glass

tubes 1/4-inch (6 .35  mm) OLD; L and M Scanivalve , model

W1260/6P-1T, 6 input lines 6 output lines , (these valves a ct c d

as off-on switches for 6 lines simultaneously); N manifold ;

0 two port , differential pressure transducer #4 p~ i (~ 2 . 7(’ N cm 2 ) ;

P voltmeter;  Q x-y plot ter .

- - - - ——-- V’—--—. - - ~V ~1 ~~~~~~~~~~~~ ~~~~~~~ - - — V--—--~--—-.- .—~-~~---’-- - - 
~~~~~~

—V--



A actual test run was conducted in the following manner.

Fi rs t  the valve at C would be closed and the Scanivalve at I
would be set on a l ine  number that  had been capped . The other 12/1

Scanivalve at J would be set on the f i r s t  l ine to be measured .

The Scariivalve at L would then be set on the open position . As

the towinç~ carriage accelerated up to the desired speed , the

Scanivalve at M would remain open , purg ing w th a i r  a l l  l ines

tha t  were to be measured . Once the test speed had been achieved ,

the Scanivalve at M was closed, stopping the purging pressure
and a l lowing  the total pressure head at the p i to t  tube to be
measured . Quick ly  then , the Scanivalve at J was set at the

next l ine  number to be measured and the purge pressure was once
‘I

again allowed in the l ines by opening the Scanivalve  M . A f t e r
a quick  blow , th i s  valve was closed and a pressure measurement

was recorded . This procedure of swi tch-purge—read was then

repeated u n t i l  a l l  the l ines  had been sampled or the end of the

towing tank  had been reached . We found tha t  purg ing a line

for  a f r a c t i o n  of a second was s u f f i c i e n t  to remove any water that

may have been in the l i ne . For an example of the recorded output

from a test run  of the f ive  hole pitot  tube , see Figure  3. Note

tha t  the d i f f e r e n t  l ine  pressures can be eas i ly  separated as a

resul t  of the d i s t i n c t i”  r eaks  in the plot due to the purge

pressure .  The char t  ra te  was 2 . 5  sec/cm.
The ease wi th  which  the numerous measurements  could be made

was impress ive. Having only one pressure  t r ansducer  reduced the

amount of t ime needed for  e lect ronic  ba lanc ing  and c a l i b ra t i o n .
The regula tor  and pressure gauge at C were redundant  and
found not to be necessary. The Scanivalves were hand operated which resulted

th sciie b1~~ tines that were too long and s~~e pitot-pres sure rteasurenents
that were too short . Driving these valves by an electric nt’tor should renove
this difficulty.

ii
- - — ‘~ -~ - ----———.— -~~~~- —~~~~~~
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U)
U,
C)
s-I

~~~~~~~~~~~~~J T

t ( t i m e  h i s t o r y )

Symbols for  5 ho) e P it ct t n b~
B - bottom hole
P — port hole
T - top hole

S — s tarboard  hole
C - center  hole

F iqure 3. Example of Recorded Pressut e Put  pu t
for a Five hole Pit ot Tube .
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IV. BOUNDARY LAYER MEASUREMENTS

BOUNDARY LAYER RAKE
The f i r s t  application of the boundary layer measurement

devices will be to obtain a boundary layer velocity distribution on
the hull bottom for a research vessel along the after section of the

hull. Initial estimates of the expected boundary layer th.ickness

there were less than a foot, hence a boundary layer rake of 12

inches was selected . The gradient of the boundary layer velocity

distribution is greatest near the hull. This then should be the

region of the largest concentration of the probes. A total of 10

probes were installed in the rake, 8 total pressure pitot tubes and

two pitot-static tubes. Figure 4 shows the rake with probes in-

stalled. See the blueprint enclosed at the end of this report for

a detailed drawing . Tube locations on the rake were labeled .starting

with the probe nearest the hull as “A” to the outer-most probe as

“J” . Placement of one pitot-static tube at the outermost rake

position tended to minimize the interference effects, as will be

discussed later. The pitot-static tubes will be used to determine

the static head , flow direction , and how each of these changed

within the boundary layer.

TOTAL HEAD PITOT TUBE

The us€ of air as the flushing medium and also the pressure

transmission medium in a water environment meant an air—water

interface would exist in the pitot tube . This vertical interface

was expected to be at the probe tip. At Lhe interface of any two

fluids one must contend with the phenomenon of surface tension.

As -i result of surface tension there is a pressure difference

between the w a t t r side and the air side of the film. The magni-

tude of the surface tensio n (and hence pressure difference) varies

in inv tcl sc proportion to the tube diameter. If the tube is very

small in diameter, the effect of surface tension must be taken

into consideration during data analysis. If the tube is fairly
large in diameter , the effect ~#f surface tension is small and

may be ignored . With the Latter goal in mind , our tubes were a

reasonably large 1/4 inch (6.35 mm) diameter .

—10—
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Other reasons for large diameter tubehi are , less likelihood

of tube clogging due to small marine life and marine pollution and

greater strength hence minimizing the chance of damage during rake

installation and test operations. Too large a diameter tube would

result in an average pressure reading over a large region ot the

boundary layer , and large flow perturbations which may influence

the readings of neighboring probes.

Therefore the probe design selected here is sxmilar to the

apparently successful Japanese design described by the Executive

Committee for the Project of Ship Boundary Layer Measurements

(1971).

TL~B~ I’ERb’ORMANCE

The tubes gave excellent static readings while motionless.

The effect of foreward speed after subtracting out the static

head , can be seen in Figure 5. Figure 6, the effect of the anqle

of the incident flow , shows the total head is insensit ive to

flow angles up to 10°. At flow angles of 200 and speeds of 10

• ft/sec (3.05 m/sec) or greater , the error is below 2%. Theretore ,

we expec t good performance from the total head pitot tubes when

at sea. This , of course , depends upon our ability to determin e

the static head accurately.

PITOT-STATIC TUBE

The c lass ic  p i t o t — s t a t i c  tubes such as the Praudt l tube • t ! t ’

known for  t h e i r  a b i l i t y  to g ive  f l o w  speed d i r e c t l y  w i t h o u t

c o r r e c t i o n  fo r  f low angle  at f l o w  a n g l e s  of up to 15° . These

probes can supply add i t i ona l  i n f o r m a t i o n  about the flow . The

purpose of p lac ing  the p i t o t - s t a t i c  tubes in the  rake i s  to
determine , 1) the static head , 2) the flow direction , •i i i d  ~) the

flow speed , at location G and J in the boundary l.iver .

Our pitot-static tube design was based on the common siuqle

fluid probes design i.e. the fluid in which the probe is operating

in is also the fluid used for pressure transmittal.

A pitot—static tube consists of two sets of ports — a total

head port located at the nose of the probe and static port(s)
- 

- located along the shaft of the probe. The design of these port s
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1 Vm = measured speed

Vc = carriage speed
(Deq)

Vm 10 20 30
1~~0 1- 4

c

S
0.9

— 6 f t  /sec
0 -10 f t/ s e c
£-13 ft/sec

Figure 1 .  The E f f e c t  of F l o w  A n g l e  on t h e  Tota l  Head
Tube Ve loc it y Measuremen t s.

1 . 1

(Deg)
Vm 10 20 30
vc

Vm = measured speed
0.’) V~ 

= carriage speed

0.8

0.~
£

0 .8
• 

— (~ f t/ se c
t3 —10 ft /sec
£ — l ft /sec

F i gu re 7.  The F f fect of P1 ow Anq Ic on t h e  P i t o t  Tube
Ve l o c i t Y Me ements
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To t a i head
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had to be altered from the single-fluid base line design to
reflect the dual fluid system used here.

STATIC P O R T

The static-port plays an important role in that it must
determine the static head while under way. These static readings

will not only be used with the pitot-static tube total head ,

but also with the total head pitot tubes. Several design questions

concerning the static ports arose, such as the following : 1) the

number of ports, 2) the size of the ports, and 3) the placement
of the ports on the tube shaft.

The ports should be located far enough from the tip of the
probe so that the flow is along the shaft of the probe , yet far

enough forward of the rake so as to minimize interference effects

with the rake. The static port is usual ly  located a distance

three times the tube diameter aft of the probe nose. At the

same time the tube length from the static port to rake s t rut  is

taken between eight and ten times the width of the rake strut.
Several static port configurations were tested :

1) 4 holes, in x-y position , 1/32 inch (.79 nun) in diameter

2) 4 holes , in x—y position , 1/16 inch ( 1.59mm ) in diameter

3) 8 holes , in x—y and 45° position , 1/16 inch ( 1.59mm)  in

diameter

4) 1 hole, in the minus y position , 1/16 inch ( l . 5 9 ) r n m  in

diameter

5) 8 holes, in x—y and 45° position , 1/16 inch (1.59mm ) in

diameter , with sand around tube shaft.



-15-

/~~~~~~~~~~~~~
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Case 1 & 2 Case 3 ~ Case 4

Figure 8. Static Port Configuration for the Pitot Tube

Fig. 8 shows a cross section taken through the tube shaft

in way of the static port .

The probe in the first confiquration performed poorly, the

air—water interface appeared to be at the static port , hence

s u r f a c e  t ens ion  was s i q n i f i c a n t.

Case two had the por t s  en la rged  to 1/ 16 i n c h  ( 1 . 5 9  mm) in
diameter. Tube performance was significantly better.

Case three was t r i ed  in order to minimi .e sensitivity to

cross f low or vor tex  f l o w s .

Because of a time response problem asso c i a t e d  w i t h  the

breakdown of the surface film and water entering the tube , a one

static port tube was tried as shown in Case 4 .

Open water performance of case 4 was about the same as for

case 2 and 3. The response of probe t ype s 2 , ~~, and 4 in po sit ton

J w h i l e  under  way is shown in F igu r e  9.  No one of t he  three
designs seems superior to the other.

The e f f e c t  of horizontal low aug 1 e fo r  case 4 can be seen i n
F igu r e  10. The v e rt i ca l  f low angie i s zero w i t h the t ube in i a ke

pos i t i on  J. Note the speed dependence bert’ . Comb in i ug t he t ot •tI

head and static readinq for the p itot—st at it ’ tube produces t he

f l o w  speed . In F i (~~1re 11 one can set’ how th  i s net speed changes
with flow angle. An er ror  of less t h a n  4 % e x i s t s  t o  about  300

w i t h  no apparen t  speed dependence f o r  f l o w  speeds ~,bove 1 0 f t  /sec
( 3 . 0 5  m/ s e c) .

_ _ _ _  --
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V =measured speed
- 6 ft/sec m

1 .1 ~ 
- 10 ft/sec Vc Carriace speed
— 13 ft/sec

S S
Y~!! 1-c
V~

0.~ fo
(D eq)

F i q ur e  11.  E f f e ct  of Flow A n g l e
en Measured Speed

As an add i t i ona l  test the p i to t - s t a t i c  tube was moved from
i ts  posi t ion at the bottom of the rake (J )  to a middle  posi t ion
( ( ‘ ) .  At this location the static readings suffered an inter-

fererice effect from the rake struts. We therefore suggest

lengthening the tube by 1 inch moving the static port out away

from the rake strut by 1 inch.

The performance of the total head pitot tubes has been

outstandinq , therefore it was only natural to try using one of

these probes for a static reading . One total head pitot tube

was mounted vertically open end down along the rake strut and tested .

For low speed applications this probe gave better results

than the static reading from a pitot - static tube. At 13 ft/sec

(3.97 m/sec) the two probes gave comparable results. We have

no data at higher speeds.

L - - -- -~--~~~~~~~~~~ 
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TOTAL HEAD PORT

In the design of the total head port, the same dEsign con-

siderations apply as for the total head pitot tube. The two

important points are 1) the results of combining the static and

total head readings must produce a flow speed which is relatively

insensitive to flow angles and 2) the probe should not be so

large that it’s presence alters its reading or the readings of

its neighboring probes.

The first point requires a nose design which wiLl produce

pressure readings which will match the static ports readings in

such a way as to produce a flow speed which is constant for at

least 20 degrees, the range of the total head tubes. The hemi-

spherical head such as that used on a Prandtl tube produces a

larger region of constant flow speed than say Brabbee ’s design

which has a head s imilar  to that on our total head tube , i. e.
“open tube design . ”

Figure 7 shows the e f fec t  of incident flow angle on the

total head reading for a hemispherical design nose. The resultant Hspeed vs flow angle can be seen in Figure 11.

The hemispherical head does produce total head readings

which are more directionally sensitive to flow than the total

head tube design . This fact will be used to help determine flow

direct ion.

To make the hemispherical head probe a reasonable size and

s t i l l  have a large enough port the dimensions shown in the enclosed 
V

blueprint  were selected .
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INTERFERENCE EFFECTS

UNIFORM STREAM

The first set of tests were designed to determine if one

probe effected the performance of its neighboring probe. These

tests were carried out by first removing all the probes from the

rake except for one pitot tube . The test jig was then towed down

the tank and the pitot tube results recorded. This was repeated

several times with the pitot tube in a different location on the

rake. All the tubes were then installed in the rake and towed .

Comparison of the r e su l t s  for  the i n d i v i d u a l  probe at d i f f e r e n t
locations and the results for all the probes in the rake in a

u n i f o r m  stream showed , no i n t e r e f e r ence  e f f e c t s  on the to t a l  head
read ings .  As reported e a r l i e r  i n t e r f e r e n c e  e f f e c t s  between the
s t a t i c  port  on the p i t o t - s t a t i c  tube and the rake s t r u t  were
detected .

WAKE ~CR FF ’ N

The purpose of these tes ts  was to de termine  how the probe s
would behave in a ve loci ty  g rad ien t  somewhat s i m i l a r  to tha t

found in t he  sh ip ’ s boundary l aye r .  Because the boundary layer

is a rotational flow field , interference effects between probes

m i g h t  show up.

In order to create a velocity gradient , a wake screen was

cons t ruc ted. The wake screen was made up of a wood f r ame  l8x18

inch (4 6 0 x 4 6 0  mm) square w i t h  several layers  of d i f f e r e n t  d e n s i t y

screens mounted on it. The first screen was made up of four V

layers of screen rang ing from chicken wire to household window

screen. The screen face was placed 12 inches (300 mm) in front

of the pitot tube head. The velocity gradient produced here

ranged from .85 Vc , where V~ is the  u n i f o r m  s t r e a m , at position

J (outermost position on the rake) to .4V~ at position B.

The wake screen was modified for a second series of tests.

The trailing edge of the frame was faired and two a d d i t i o n a l

layer5 of screen were added to the upper 6 inches (152 mm ) of the

wake screen. This produced a velocity profile which ranged from

.B5V c at position J to .3Vc at position B - The tests  were 

—- -V -~~ -~~~~ - ~~~~~~~~~~~~~~~~~~~~~ - - - ~~ - -~~~~~-~~~~~ - --
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car r ied  out u s ing  the same procedure as the un iform stream i.e .

removing all probes but one , then testing that single probe at

different rake positions. This allows the velocity profile behind

the wake screen to be cons t ruc ted. No attempt was made t o  model

a typical turbulent boundary layer with the wake screen. Next ,

all tubes were installed in the rake and the tes t  was r e p eat ed . 
- 

-

Comparison of t he’ results shown in Figure 12 and Figure 13 indicate

t h a t  t he re  are some i n t e r f e r e n c e  e f f e c t s .  Figure 12 shows

~n ter f er en c e  e f f e c t s  at tube  J and B , while Figure 13 shows a
s t ron g  i n t e r f e r e n c e  e f fe c t  on tube  I- - T h i s  was p r o b a b l y  due’ to
the presence of the large pitot-stati c tube in position G -

h

_________________________________________________________________________ - - 
V~~~~~~~~~ 
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1 2 . 0
j

~ Measured w i t h  o n l y  one
probe at a t im e

1 0 . 0  ¼

s Measured  w i t h  e n t i r e
assembl y

8.0

F
6.0 

~~
‘ V

~~
measured speed

V
~
=c’arriage speed

4 . 0
E

p ci

C

B
A

0L .
0 . 2 .4  . h  .~ 3 1.0

~~ 
V~

Test Asseniblv ,—.—3 4” (191 mm) BoarcI*

Screen
Probes

h ~~~~~~~ not faired ., , , 7 r ~ ~~ , , , ~~~~ ~ ~~~•

Fi~~ur e 12. Interference effects of Boundary l ayer Device
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12.0
o Measured w i th  only  0

one probe at a t ime

10.0
I 

~ Measured with entire
assembly

8.0

8 G Vm measured speed
- V~ =car r i age  speed

0 
~~~F

4.0

E

2 . 0  D

C

B
A

0 I I I
0 .2 .4  .6 .8 1.0

Vm/Vc

Test Assembly : Same as shown in Figure 12 excepl for the
following:

1) Edges of 3/4” (191 mm ) board faired
2 )  More screen was added ; two pieces

e x t e n d i n g  6” ( 1 2  mm) -

Fi gure  i i .  I n t e r f e r e n c e  e f f e c t s  of B o u n d a r y  Layer
Device ( w i t h  f a i re d  edqe)

I

-
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The inc id ’nt f l u i d  f l o w  a n g l e  can be determined by taking V

advant  age of I he sens it iv i ty of the t o ta l  head por t  of the p i tot— _ ; -

s t a t i c  tube to the fl o w  a nq ie .  Assume an i n c i d e n t  f l o w  an g l e

exist s when the boundary layer rake is m o u n te d  i n  i t s  zero p o s i t i o n

on the hull - Conduct t he boundary  1 a ye r t t ’ st and t eco t-d t he

read ings  f rom . i t l  probe s . Plot  the to t a l  head readings f rom the

p i t  ot stat i c tubes as a funct ion of rake angle. Rotat e t he boundary

l ay e r  rake  to t h e  st a rboard  and repeat  t he  t e ’st  - Now rotate t he

boundary  1 ay e r  r ak e  to the por t  and a g a i n  repeat  t h e  t est  . More

rake angle ’s may be used i f necessary .

Because’ t he t o t a l  head port w i  1 i :‘ ‘ad a di f f o r en t  val  t i e  a t

some aug 1 e of  f the  i n c i den t  f l o w  t han at  ~‘V e  i o  deg i e ’es see

Figur e 7~ , dif ferent total—head port readings wi  1 1 he ’ ohs( ’r ved

course t he a~’ t ua l I ot a I head has not c han ged .  The resu i t  ant
ple)t should have .i maximum and thi s point he’t’omes t he’ i neictent
I low angle . For example see F i qui -e 14

V nieast ireei  s~’t’&’~l

V 

~~~~~~

_ —

~~ 

*

— — I t ic  i den t  F 1 ow Aug 1 e
I -t- - —i-—~~~~~—t 4

— ~
‘ 0 — 1 0 (1 1 0 20

Rak e’ Aug i t ’ — Peg i~c~es

F i g ur e ’  14

One ’ cIt I h e ’~~ e’ p lot W i  1 1 he ’ ptodtte ’etl f o r  each p it of — s t a t  i c I i the  -
I t ano t  h ot  pi t ot — st at i c t u t le ’ i i i  I he saint’ t ike ’ p1 odcices a pl ot

w h i c h  ‘
~ 

‘it ’ 1 els a ci i i t ~ i e ’tit i t ic  i clout I I ow aug I t ’ i t  WOU 1 ci i flip l y  t h a t
he I I OW d i t  e ’ e ’t i on i e ’Ii .ing i uq t lireuie lh I he h o i i t i e l t 1 ‘

~~ 
I ayt’i , a

Ph en Omenon h o t  i i n h e a t  ci of in .1 t o t  at  i o u a l  t I ow.
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V. INSTRUMENT PACKAGE FOR WAKE SURVEY

The m a i n  goal of t h i s  research e f f o r t  was to get reliable

veloc ity profiles in the wake of a full scale ship. As described

earlier , it was decided to use five hole pitot tubes in a manner
- similar to that described by Pien (1958). The major difference

between our equipment and Pien ’s (1958) was that the full scale

meas”rements were to be taken with air instead of water in the l i n e s .

This has been used successfully by Takahashi et al (1970),

among o the r s .  For a detailed draw i ng of the  f i v e  hole pitot

tube and its mounting assembly, see the b l u e p r i n t  enclosed at
the end of this report . A photograph of the instrument is shown

in Figure 15.

The location of the holes on the 2-3/8 inch (60.3 mm) spherical

head was as f o l l o w s :  one hole to be placed on the centerlinc and

the other f o u r  holes to be placed at an angle of 30° (port and
s tarboard , top and bottom ) f rom the c e n t e r l i n e .  F igure  l ( ~ shows
the placement  of t he  ho les .  One a n t i c ipated b e n e f i t  f rom t h i s
p a r t i c u l a r  hole placement  was tha t  the pressure  d i f f e r e n c e s

between ou t s ide  holes and the center  I -o le  would be l a r ger  and

thus  less suscept ib le  to scat ter  than  the  p ressure  d i f f e r e n c e s

for  a h o l e  placement  t h a t  had the ou t s i de  holes  nea re r  to the
c e n t e r l i n e. Wh i l e  in p r i n c i p l e  t h i s  reason ing  may be correc t , the
f a c t  t h a t  the f l u i d  was viscous presented a number  of p rob lems .
These problems and the steps taken to solve them are descr ibed
below .

An a t t empt  was made to c a l i b r a t e  the  pit ot tube assembly

us ing  the procedure o u t l i n e d  by P ien  ( 1 9 5 8) .  Pic’n s t a t e s  t h a t
w i t h i n  a region enclosed by a 4 0°  a n g u l a r  d i s t an ce  f r o m  the
s t a g n a t i o n  po in t , the p a t t e r n  of pressure d i s t r i b u t i o n  i s  “ n e arP ,’
i ndependen t  of Reynold ‘ s number. ” Unfortunately, our results

i n d i c at e d  tha t for  the range  of p i t o t  tube s i ze s  be i ng tested , a

d e f i n i t e  R ey n o l d ’ s number  e f f e c t  was p r e s e n t .  T h i s  can be seen
from F i t p i r c ~ 17 where the non—dimensional pressure coef ficient

(— C S - + - C P ) / ( C s + C P )  is  p lo t t ed  vs .  X , the  a ng l e  i n  t h e  h o r i z o n t a l

plane between the incident f l o w  and t h e  cent  er1 inc . Here CS and

CP represen t  the  p r e s su re’  d i  f ferc ’nces bet We’en t h e  c e n ter  hole  and

— 2 4—
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Figure 15. Five Hole Pitot Tube and Mounting Assembly
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Figure 16. Placement of Holes for Five Hole Pitot Tube
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Figure  17. Five Hole P i t o t  Tube (‘a l ib r a t  ion ( w i t h o u t  sand )
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the starboard hole, and the center hole and the port hole respec-
• tively. A possible reason for this variation may be deduced from

a plot shown by Goldstein (1965) p. 16. In that figure the drag
coef f ic ien t  CD of a sphere was plotted as a function of the
Reynold’s nwnber R . The drag coefficient is defined as the fol-
lowing :

DCD =
~-pU

2d

where D is the drag on the sphere , p is the fluid density , U

is the free stream velocity, and d is the diameter of the sphere .

The Reynold’s number is defined as the following :

where v is the kinematic viscosity. One striking characteristic

of the plot is the large drop in the drag coefficient at a Reynold ’s

number of around 3x105. This is a well-known phenomenon and is

due to the transition from laminar to turblent flow . If a five

hole pitot tube were used in this range , its calibration curve

would be speed dependent . For while the sharp drop in the drag

coefficient is due to a large increase in pressure recovery over

the after section of the sphere (this is a result of the point

of flow separation moving aft), the pressure distribution over

the forward part of sphere will also change . This is because the

flow outside the boundary layer will more closely resemble that

of a ha l f -body  when the Reynold ’s number is on the laminar side

of the transition point. When the Reynold ’s number is on the

turbulent side of the transition point , the flow will more closely
resemble that of a sphere. The pitot tube described by Pien

(1958) had a 1/2 inch (12.7 mm) diameter ball size. When used in

a towing tank at normal speed ranges of 5 ft/sec (1.53 m/sec) to

15 ft/sec (4.58 m/sec), the Reynold’s number of the spherical head

varies f r om 2xl 04 to 6xl04, well below the critical Reynold ’s number

of 3x105. The 2-3/8 inch (60.3 mm) diameter ball will be used on

a full scale ship , encountering velocities ranging to 10 ft/sec

V ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-~~~~~~~~ - -V -
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(3.06 m/sec) to 30 ft/sec (9.18 m/sec) . The Reynold ’s number

corresponding to these flows will vary from 2xl05 to 6x105. Thus

the full scale speed range will include speeds where tnere is a

transition from laminar turbulent flow .

In an effort to solve the problem associated with the cr i t i ~~a 1
Reynold’s number , fine sand granules were glued on the front of
the sphere. Figure 18 shows a close up of the pitot head . To

keep the less firmly attached particles from washing off , a thin

coat of lacquer was applied over the sand . The pitot tube was

then tested and the results are shown in Figure 19 where the

non-dimensional pressure coefficient , (—CS+CP)/(CS-t-CP) , is plotte ’d

as a function of inc ident  f l o w  heading ang le , x .  I t  appears t h a t

the addition of the sand has made the pressure coefficientj independent  of R e y n o l d ’ s numbe r , at least over the speed r a n g e ’
tested . The dashed line in the figure is a theoretical. curve

based on the analysis dc’ne by Pien (1958) - 
-

•

A measure of the level of scatter with the sand attached was

obtained by e s t i m a t i n g  the ca r r i age  speed and compar ing t h a t

value with the actual speed . The procedure for finding the

velocity components followed the method g iven  by Pien ( 1 9 5 8 ) .
V A set of curves were faired through the data fox- values of

(CS-CP) / (CS+CP) , CS/V h 2 , etc. as a f u n c t i o n  of the  i n c i d e n t  t i o w
ang les .  The ac tual  pressure read ings  from the  t e s t  were  t hen
used to enter the curves to estimate a head ing  a n g l e  and velocity

components. The estimated carriage velocity based upon pitot tube’

measurements was then compared to the ve lo c i t y  f rom t h e  carriage
speed indicator. In Figure 20, the relative number of t imes a

data point  occurred w i t h i n  a given error band is p lo t t ed  ag a i n s t

the relative error . As can be seen by the f igu r e , more than 70%
of the readings had a relative error of 1% or less.

Different types of coatings over the sand granules were’
applied to a test piece of brass. The p i e c e  was t hen  placed in a

salt bath for two weeks to see which coating worked best. Based

upon that test , a coating composed of a thinned solution of epoxy

glue was selected as having adequate properties.
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Even thouqh the tank tests indicated that a reasonable 
V

leve l of accuracy had been attained with the addition of sand on

the p i tot  head , a recommenda t ion  to use this type ot t ur bu ie n ct-

stimulation was not made . This was due to the follow i nq considera-

t i o n s :

i )  The ca l  ib r a t  I on  c u r v e ’s w e r e  vt ’rv  st ’f l S lt  ly e  t e t he  p lace-

ment of sand a r o u n d  t h e  t ube holes . When one p a r t  ic 1 e

washed e t f , there was  a cc r re spend i n l  c h i n :e i n t he

V 2 (‘Ut ye - Di ft e t cut t (‘(-hu 1 que ’s were t r x ed t e i n s u r e

a se’cu xe k ‘:hl  1 ~~~ e t t he ax t  x c I ~‘s in t he  v i c i nit v o

t he ho 1 e s sem - w i  - - ; ucce  ii I - I l ewi  - V 1 - i  ‘ h U e  p

¶ e he v e x  ‘- t i me cons  - nn  i no 1 1 ~‘ct - S 505 •

i i ) It we~ t e a  t e d  that in a s i  it w i t  e t e ’xi ~’ .1 en:~i~ - : ~ t , the si i:~s-

bit i Id—u )- on t he’ ( ‘) ‘exv coa t m o  won Id t ed ic t ’ he ’ t ~‘u g l i n e s s

(I t  t he p i t  e t t u he s , t - neo at  ng an v e • oct  t he sand

p i t  m o l e s  m i g h t  have .

m i i 1 x et 1 e’nce’ i n w m d t n 1 s h i s i :~ i i  - 
- - - t h -

- I I ~h ‘Un t - t 1 tit l u  I t ’f l c e ’ i n  ¶ h~ ii; - st  x e ’~im t 1 ow has  a n i  k i’d

o t cot on t he i t  coo ¶ i c 1 e’n I - ‘ a sph - x e ne’.e 1 i s

- ins m t ion R e yn e  I d  ‘ s numbe : - e N imp le , see e 1 d - ; e i

(1 I i S 1 — I t w as  t o  I ha ti e ’ Fe ’ is- - Id  be S U t I 0 1 e’tl

iii -btil ence in the’ w t ~~~ ’ t e g  t e n  el i ship e make he ’

ion o t sand a r e d u n dan t  mea ; o  c -

T-ikahashi , et i l  (1971) has su g ge s t e d  that a cot r o o t  1011 ho

made ’ t o  I - - - - : -  t or t h e  d i t  f e re n ce s  in head bet ween t hi ’ t ‘p lie Ic ’

t he’ cent  or he Ii ’ tn t  he to t  am he to . H, ’\s ’V t ’l , t h i s  moans i t

~~~I ’ I L  i d he fli ’ct - - - - I t  0 1 - ‘~~ .i t e he ’ p o s i t  i on o t he’ ~i 1 t -
~~~ a ~~t I ’ ’  ( ‘ t  -

i C e  i n  he t op t uk i t ’ . h i  ‘n- vi sual e l - ’; , - t  i t t  I o n s  • i t  scorne d h i t

the int ex ’ i t  ~~~ i . - y e ’ !  V ne - i t  t o  he S U t  t o t ’ o ’ the sph xc. ~ih t he~
t hi S W- ‘U Id ~~

- I • t houq h t ox a I I 5) ‘e e l s  and  1 I I h i i  1 nq ing lo s
en ce i u i n t e ’r t ’j WI ’ c i t t r s ’t  s t y .  When t ht’se’ l i t  ox  ences i i i  h ead  \ % t ’ I  0

m n c l u d e ~t i n  h i cile ul it i n s  , ‘t  t h e  p t  - s s i l t 0 ~‘oi ’t  t i c i e - -o s ,

wi -r e ’  - I c  have ’ a ne ’g I m g i  hI t ’ e ’t  t oct ox he ’ i i t t e  o t  spe ’t

t e ’s t  tnl and s ii hse’gut’ n t I y we xc t g n ot  i’d -
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The pitot tube assembly was also tested with a fairing

attached to the stem as shown in Figure 21. The purpose of

this test was to determine whether the stem could be shortened .

This would reduce any vibration problems associated with stem

length. After a series of calibration runs, the results were

compared with those from the pitot tube without the fairing and

it was found that there was no significant difference . Thus the

stem length could be shortened down to 3 inches (7.62 cm) without

noticeably influencing the pressure distribution .

I _  
_ _
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